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ABSTRACT
As to date, there are several relatively new crystals
that have been developed for nonlinear or "parametric"
optical applications, including KTP, LAP, KNbQ, m-NA, and
3

BaB 2 o4 (barium borate, or simply BBQ).

The latter crystal,

BBQ, and the use of BBQ to achieve parametric oscillation
around an eyesafe wavelength of 1.54 microns is the emphasis
of this paper.
Unpublished material includes determining the optimum
type of coupling and pump wavelength used when generating
1.54 µm eyesafe radiation based upon Poynting vector walk
off,susceptibilities, and both signal angular and spectral
acceptance widths.

Poynting vector walk off curves for

linearly polarized extraordinary waves are presented for the
second, third, and fourth harmonics of a Nd:YAG source.
Both angular and spectral acceptance width curves represent
second order sensitivity analysis that are extended to
include general three wave mixing opposed to just second
harmonic generation.

The generation of a 1.54 micron signal

will be shown to be most efficient using type I coupling and
a 532 nm pump.

And, for this type I/532 nm pump process,

both angle tuning sensitivity and gain bandwidth curves are

introduced.

Type III phase matching curves are also

presented for both 532 nm and 355 nm pumps.

It will be

shown, however, that 1.54 micron generation via type III
mixing exhibits the lowest susceptibility while inducing the
highest Poynting vector walk off when a 532 nm pump is used.
Finally, with BBO's extreme temperature stability and solid
state compactness (parametric oscillation), BBO is proposed
as a viable alternative to more traditional sources of
eyesafe radiation, such as Er:glass (lasing medium) and
methane (Raman medium), for operation in changing
environments and where the added option of tunable radiation
is desired.
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INTRODUCTION
Although optical parametric oscillation was first
obtained in 1965, much work today is still being done in
optical parametric oscillation.

This work, for the most

part, centers around new pumping sources, new materials,
decreasing signal linewidth, and increasing efficiency.

The

applications for continuously tunable, coherent optical
radiation from a solid-state source, or for radiation at
wavelengths not easily obtained by lasing, arise in various
military, medical, and laboratory projects.
The generation of eyesafe radiation, extending from
1.4 wm to 2.0 wm, has received much attention, particularly
1.54 micron radiation, which exhibits extreme eye-safety.
By ANSI standards, radiation at 1.54 wm is 400,000 times
safer than 1.064 wm radiation, and 100 times safer than
neighboring 1.4 or 1.7 wm radiation.

Furthermore, the

infrared wavelength of 1.54 wm is still short enough not to
be within the detection band of night vision devices.

Thus,

with the advantages of both safety and covertness, many
potential applications exist for 1.54 wm radiation.

And,

since BBO exhibits an extremely wide temperature acceptance
width, BBO's utility in parametric oscillation to generate

2

1.54 µm radiation easily within rapidly changing operating
environments effects an alternative to other radiation
sources, particularly when the added option of tunability is
considered.
Barium borate was first discovered in 1984.

Due to its

large birefringence and transparency band, its utility as a
nonlinear crystal for numerous parametric processes is
possible.

The use of barium borate as the gain medium in a

parametric oscillator yields radiation extending from the
infrared to the near ultraviolet region.

Unpublished

material includes determining the optimum type of coupling
and pump wavelength used when generating 1.54 µm eyesafe
radiation based upon Poynting vector walk off and signal
angular and spectral accep~ance widths.

Poynting vector

walk off curves for linearly polarized extraordinary waves
are presented for the second, third, and fourth harmonics of
a Nd:YAG source.

Both angular and spectral acceptance width

curves represent second order sensitivity analysis that are
extended to include general three wave mixing opposed to
just second harmonic generation.

The generation of a 1.54

micron signal will be shown to be most efficient using type
I coupling and a 532 nm pump.

And, for this type I/532 nm

pump process, both angle tuning sensitivity and gain
bandwidth curves are introduced.

Type III phase matching

3

curves are also presented for both 532 nm and 355 nm pumps.
It will be shown, however, that 1.54 micron generation via
type III mixing exhibits the lowest susceptibility while
inducing the highest Poynting vector walk off.

With BBO's

extreme temperature stability and solid state compactness
(parametric oscillation), BBO is proposed as a viable
alternative to more traditional sources of eyesafe
radiation, such as Er:glass (lasing medium) and methane
(Raman medium), for operation in varied environments and
where the added option of tunable radiation is desired.
In the broadest sense, a parametric process involves an
energy storage parameter modulated to cause a transfer of
energy from a modulation source to a resonant electrical or
mechanical system.

Parametric effects in electromagnetic

waves were studied as early as 1931 by Faraday, as applied
to nonlinear inductance and reactance.
The microwave varactor diode-amplifier is a parametric
device, having a voltage-dependent capacitance as:

Q=

C V2

Thus, an applied voltage composed of sinusoids will produce
sum and difference frequency charge components.

With the

advent of the laser, coherent optical frequency radiation
could be obtained.

Thus, the basic analogy of parametric

4

gain in the microwave spectrum could now be applied to the
optical spectrum.

In optical three wave mixing, modulation

and energy transfer are accomplished via nonlinear
electrical susceptibility, producing an induced
polarization, given by
P = 2dE

2

In the presence of an electric field, the distance between
an electron and nucleous changes, producing induced
polarization.

For an electric field possessing temporal

frequency, i.e., light, the polarization alternates at the
same frequency, forming an oscillating dipole.

If the

refractive index is thus modulated by a time varying field
at w , then a field at w , propagating through the crystal,
2
1
will be phase modulated, producing sum and difference
frequency sidebands given by

P3

=

2d(E 21 cos(w 1 t) + E22 cos(w 2 t)) 2

= d(-E1cos(2w 1 t) - E~cos(2w 2 t) + (E~ + E~) +
E1 E2 cos(w 1 + w2 )t + E1 E2 cos(w 1

-

w2 )t)

Phase matching will usually provide correct phase velocity
between only one of the many polarization spectral
components above and its associated electromagnetic wave
which is free to radiate into space.

Thus, the oscillating

dipoles of the polarization field together act as a
radiating phased array antenna.

5

Th e proposed method for generating 1.54

urn radiation

requires two of the parametric processes described above.
Initia l ly, BBO will be used to generate the second harmonic
of a Nd:YAG source, which will, in turn, be used as the pump
for pa r ametric oscillation, again with BBO as the gain
medium.

CHAPTER 1
THE CRYSTAL BBQ
Introduction
After a review of the optical properties of BBQ,
applications centered around generating 1.54 micron
radiation via parametric generation with BBQ are addressed.
Unpublished material includes:

Poynting vector walk off

curves for the second, third, and fourth harmonics of a
Nd:YAG source, a discussion on the advantages of type I
coupling with respect to susceptibility, pump walk off, and
the number of extraordinary waves present in a mixing
process, optimum pump wavelength when walk off is
considered, and the rejection of 1.06 wm radiation as a
pump.

Finally, with BBQ's high damage threshold and

temperature stability, along with its thermal fracture
resistance, BBQ is proposed for 1.54 micron generation in
high, average power parametric oscillation applications,
where the operating environment may vary rapidly.

Structure of BBQ
The inorganic, non-hygroscopic, negative uniaxial
barium borate crystal has both a high temperature phase for
6

7

T > 925°C, designated as alpha, and a low temperature phase,
beta.

Th e low temperature phase is commonly referred to as

phases of BaB o belong to the triangle
2 4
space group system R 3c.
Both a and

BBO.

S

/0
0

Figure 1.

B/0
~

B
0

/
B~O

The Planar Ionic Ring Group (B o ) 3- Which
3 6
Composes S-BBO. The z axis is perpendicular to
the planar rings.
Crystal Selection and BBO

Issues to be considered when selecting crystals for
frequency conversion are:
0

High Conversion Efficiency,Tl

0

High Damage Threshold, D
t

0

Wide Phase Matching, e pm

0

Wide Transparency Range, T r

0

Low Walk Off Angle,

s

8

o

High Angular Acceptance Width, 60.L

o

High Temperature Acceptance Width,

o

Chemically Inert

6T.L

Despite BBO's substantial nonlinear susceptibility
(d=4dKDP), the existence of both large Poynting vector walk
off and small angular acceptance width limits BBO to only
modest efficiencies.

However, BBO's large temperature

acceptance width and d - mage threshold, along with its low
susceptibility to two photon absorption, make it useful for
both high average and peak power frequency conve.csi0i1s.
BBO's Susceptibility Tensor
The underlying equation for all nonlinear behavior is:
( 1)

This Taylor series describes induced polarization, where it
is assumed that the media is transparent and lossless at
operating wavelengths, so that the material response is
instantaneous.

For parametric amplification and

oscillation, our concern is only with second order terms,
thus,

P. = 2d .. kE .Ek
1
lJ J

(2)

9

where the susceptibility tensor, d. 'k' equals d.k., and is
l]

l

J

real for loss l ess media.

TABLE 1
SELECTION PROPERTIES

• notations and units used are:
0
d
nonlinear coeffi c ient, d(KOP}•l.04x10- ·. esu•0.43S(pm/V).
Tr :
transparency ran g, (micron).
O.T.:
damage threshold (6W/cm ) for 10 ns pulse at 1064 nm.
Abs.:
absorption coefficient (per cm) at 1064 nm.
tT•L:
temptrature acceptance width (•c-cm).
AA•L:
angular acceptance width (mrad-cm).
w
:
walk-off angle (mrad) at 1064 nm.
E(L):
typical SHG efficiency (crystal length 1n mm).

Source:

Lin, 1987.

If the fourier, plane wave components of the sinusoidal
varying fields are used, then

Ewl

1

j

2

Ew2
k

- l
2

(E~l eiw 1 t + E~l e-iW 1t)
(~2

j = x,y,z

J

J

eiW 2 t

+ Ei2 e-i Wf)

( 3)

k = x,y,z

10
and
1
E - - (E.W1 e iw1 t + E.w2 e iW2t + c.c.)
j
2

J

J

( 4)

1

E = - (EW1 e iw1 t + EW2
k
2
k
k

e

iw 2 t

+ c.c.)

And, considering only sum frequency terms, since
terms are not of interest, Equation (2) then becomes
p

i =

1 (

2

dijk

Ew1 Ew2 i(w1 + w2)t
j
k e
( 5)

Again, with our lossless media, d. 'k
1]

~l
= 2d .. k E J

lJ

In general, dijk

=

d.k., so that
1

J

EW2

( 6)

k

= dijk (w 1 ,w 2 ,w 3 ) for lossy media.

However, frequency conversion work is done at transparent
frequencies, so that the frequency dependence of
susceptibility is negligible, thus eliminating the need for
Miller scaling and frequency functionality.
di(jk)

=

And, since

di(kj), we can also substitute for both jk and kj

with contracted index notation, i.e.,
jk

= xx

= xx

=

1

jk

= yz

= zy

=

4

jk

= yy

=

yy

=

2

jk

= xz

= zx

=

5

jk

= zz

= zz

=

3

jk

=

xy

= yx

=

6

11

so that Equation (6) can now be written in tensor notation.

E2
X

p
p
p

X

dll

y

= d2 1

z

d31

d 13

dl4

d22

d23

d 24

d2s

d26

d32

d33

d34

d3s

d36

dl2

dlS

dl6

E2

y

( 7)

E2

z

2E E

z y

2E E

Z X

2E E
X

As stated earlier, BBO has a R 3

C

y

triangonal group

symmetry, where the second order susceptibility tensor·
possesses non zero elements a
Howev er, the coefficient

a 33

, and a .
33
15
does not contribute in
11

, a

31

, a

collinear wave mixing and a
symmetry.

equals a
by Kleinman
31
15
Also, it should be noted that although linear

suscept i bility, x .. , is unitless, second order
l. J
s u sceptibility, d. 'k' as written in Equation (1), has units
l. J
of F/V for the MKS system.
The coefficient a
is
11
-23
approximately 2.4 x 10
MKS, a
being less than 8 percent
31
of d

(Eimerl, et al., 1987).
11
As one can see, higher order nonlinear susceptibilities

are very small.

Thus, it was not until the advent of the

laser that a crystal's nonlinear optical behavior could be
readily observed.

Power densities greater than a GW/cm

could be achieved via lasing, corresponding to field

2

12
strengths on the order of MV/cm, which are comparable to
atomic field strengths in crystals.
Effective Coefficients
Also defined by crystal symmetry and orientation are
the effective nonlinear coefficients, deff(I), deff(II), and
deff(III)

for type I, II, and III phase matching,

respecti v ely.

From the previous section, BBO's first order,

nonlinear contracted tensor for collinear wave mixing is of
the form:

0

0

0

0
0

0

0

( 8)

Thus,

p

p

d l l Ey2 + 2d 15 EE
X Z

X

2
= d l l EX

y

= 2d 15 Ey Ez - 2d 11 EXEy

p

-

( 9)

z = d1sE! + dl SE~

The components of polarization are

PX sin¢

- Py cos¢

Pe= -P cos8 cos¢ - P cos8 sin¢+ P sin0
X
y
z

(10)

13

Since barium borate is a negative uniaxial crystal, the
induced polarization wave for type I, II, and III phase
matching is extraordinary in Equation (1).
Equation (10b) need be considered.

Thus, only

Substituting for P, P,
X
y

and P, Equation (10b) becomes
z

-(d 11 EX2

-

d 11 Ey2 + 2d 15 EE
)cos6 cos¢
X Z
(11)

-(2d 15 E;E! - 2d 11 ExEy)cos6 sin¢
+(d 15 E; + d 15 E; )sin6

And, with

0

E

=

0

0

(12)

EX sin¢ - Ey cos¢

· ~ cos 6 + Ee sin
. 6
Ee = -E e cos¢ cos 6 - Ee sin~
Y

X

Equation (10b)

Z

further becomes

Pe= - (d 11 (E 0 sin¢ - Eecos¢ cos8) 2
- d

11

(-E 0 cos¢ - Eesin¢ cos6) 2
0

+ 2d 15 (E sin¢ - Eecos¢ cos6)(Eesin8))cos6 cos¢
o

e .

e .

o .

-(2d 15 (-E cos¢ - E sin¢ cos0)(E sin8) - 2d 11 (E sin¢
0

- Eecos¢ cos6)(-E cos¢ - Eesin¢ cos6))cos8 sin¢
o

e

+ (d 15 (E sin¢ - E cos¢ cos8)
cos8) 2 )sin8

2

o

e .

+ d15 (-E cos¢ - E sin¢
( 13)

14

After expanding Equation (13), E 0 E 0 and EeEo terms can be
grouped separately, discarding EeEe terms, yielding

e

o o

P =EE (d 15 sin8 - d 11 cos8 cos3¢)

(14)

e o

+EE (d 1 1 cos 2 8 sin3¢)
Thus, for a type I

(e-oo) process, the effective, nonlinear

coupling coefficient is identified as

(15)
Likewise, for type II and III processes, represented as e-oe
and e-eo respectively, the effective nonlinear coefficients
are both identified as

(16)
Phase matching angles 9 and 0 are referenced from the
crystal's c(=z) and a(=x) axes, respectively.

From Equation

(15), it is evident that 90° phase matching is possible only
in a type I process.

In noncritical

(9

= 90°) phase

matching, double refraction, from Poynting vector walk off,
is absent and a wide angular acceptance width exists, since
coupling is independent of 0.

However, for non critical

phase matching, coupling then becomes proportional to the
weak susceptibility coefficient d

31

.

15
Since

a 11

is the major nonlinear component in BBO, it

is seen that lowering the phase matching angle,

e,

will

increase deff' but not necessarily increase overall
conversion efficiency, since Poynting vector walk off and
the effects of finite angular acceptance width can become
more pronounced at lower phase matching angles (see Figure
2).

Although type I phase matching yields lower phase

matching angles than does either type II or III phase
matching, thus producing a higher deff coefficient, overall
efficiency between the three types of phase matching schemes
can be comparable.

tan 8 =

Poynting vector walk off is given as

sine case (n~ - n;)
2
2e
2
2e
ne cos
+ n 0 sin

(16b)

Material Constants
Wavelength dispersion curves and their corresponding
Sellmeier expressions for the principle indices of
refraction are required in almost all theoretical
calculations.

BBO's dispersion curves and equations are now

presented, where A is in micrometers (Kato, 1986).

(17)

16

(18)

90

80

-0
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I..

E

w

70

..J

C)

z

<
u..
u..
0

::..:
..J

60

<

3
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40
20

30

40

50

60

70

PROPAGATION ANGLE 8 (DEGREES)

Figure 2.

Extraordinary Wave Walk Off in S -BBO for the
Second, Third, and Fourth Harmbnics of a Nd:YAG
Source.
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A
e

=

2.37530

A

=

2.73590

Be

=

0.01224

B

0

=

0.01878

C

e

=

0.01667

C

0

=

0.01822

De

=

0.01516

D

0

=

0.01345

0

1. 66

1.62

---....__,

1.58

,<

C:

1.54
1.50
0 .3

0.5

1.0

WAVELENGTH
Figure 3.

2.0

3.0

(JJm)

Dispersion for BBO's Principle Indices of
Refraction.
Birefringence is 0.117.

With transparency ranges varying slightly from sample
to sample, BBO's transparency range is approximately 200 to
3000 nm.

However, trace i mpurities can increase optical

absorption in the transmission band.

At high average power

operations, this absorption can induce thermal stress which
can lead to thermal detuning and crystal fracture.

However,

BBQ is more resistant to thermal fracture than any other
nonlinear crystal to date.
BBO's thermo-optic coefficients, the derivative of n
with respect to temperature, appear to be somewhat

18
inde p endent of wavelength over a wide band.

BBO's mean

t h ermo-optic, quasi-dispersionless coefficients are

(19)

The linear electro-optic coefficients are related to
the no n l i near susceptibility coefficients by

d . . = ( E . . E . . / 4E )r . .

lJ

ll

JJ

(20)

O lJ

For BBO, the electro-optic tensor element r

11

is an order of

magni tu de larger than any other element and is approximately
2 . 7 prn / V.
Rev i ew and Applications
Various properties of S-BBO were reviewed.

Also

p resented was a graph showing walk off angles for
e xt raordi n ary waves of different wavelengths .

With BBO's

exceptionally high walk off angles, minimizing the number of
extraordinary waves in mixing becomes a critical issue in
order to effect efficient coupling.

Thus, we see that using

type I phase matching is advantageous, since we have only
one extraordinary wave, opposed to two extraordinary waves
present in both type II and III interactions.
Notice also that the type I effective nonlinear
coefficient is proportional to cos

e,

opposed to cos

2

e

for

19
type II and III coefficients.

This f urther makes typer

phase matching more attractive, since for any given
interaction, including A3

=

1.54 wm, S(I) is less than S(II,

III), thus yielding deff(I) > deff (II,III).
Furthermore,

S -BBO's thermo-optic coefficients are

very small, producing an extremely large temperature
acceptance width.

Thus, BBO is relatively immune to

traditional thermal detuning, and can thus be used in varied
environments without inducing dephasing.

This invariance to

temperature, along with a high damage threshold, can also be
important for high, power density applications, where
thermal gradients within the crystal can be severe.
Although 1.54 µm radiation can be generated via pumping
with the third and fourth harmonics of a Nd:YAG source, the
second harmonic will undergo the least pump Poynting vector
walk off.

In generating 1.54 µm radiation, Poynting vector

walk off angles for 355 nm and 266 nm pumps are
approximately 68 and 82 mradians for type I mixing, and 72
and 84 mradians for type II mixing, opposed to only 50
mradians for a 532 nm pump in type I mixing.

Furthermore,

the generation of 532 nm requires only one parametric
interaction, while the third and fourth harmonics usually
require two parametric interictions, thus reducing overall
beam quality and efficiency.

Notice also that, while

pumping directly with 1.06 wm is useful for generating

20
wavelengths greater than 1.7 µm, generating smaller idler
wavelengths, such as 1.54 µm, will extend the signal
wavelength beyond BBO's transmission band.

For an idler of

1.54 µm, the corresponding signal, by conservation of
energy, would have to be 3.44 µ m.

At 3.44 µm, BBO is

virtually 100 percent opaque, thus prohibiting the
fundamental process of three wave mixing in parametric
oscillation.

CHAPTER 2
PHASE MATCHING IN

6-BBO

Intro duction
In a microwave parametric generating device, the
nonlinear junction is smaller than the interacting
wavelengths involved.

However, in the optical spectrum, the

nonlinear amplifying medium usually extends over many
thousands of wavelengths, where both the electric and
nonlinear polarization fi~lds interact while traveling
distances that are relatively very large.

Thus, phase

matching throughout the entire crystal becomes of paramount
importance in order to achieve efficient energy transfer at
optical wavelengths.

Through the use of birefringent

crystals, equal phase velocities between propagating fields
and confined nonlinear polarization fields within the
crystal can be achieved.

Thus, growth-dependent index

variations, which produce nonuniform birefringence, must be
limited.
This chapter will present various phase matching
orientations applicable to BBO for optical parametric
oscillation, along with their respective tuning curves for
various pumping wavelengths.

Unpublished material includes
21
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type III tuning curves for 532 nm and 355 nm pumps and an
angle .tuning rate c u rve showing the angular sensitivity of
the efficient type I/532 nm pump process for 1.54 micron
generat i on.
Phase Matching Via Angle Tuning
Parametric oscillation and amplification involve three
frequencies related by the equation

w 3 = w2 + w 1

( 21)

For an efficient transfer of energy, the collinear phase
velocity matching criteria must be satisfied.
(22)
In order for Equation (22) to be satisfied, the crystal
must not only exhibit dispersion, but also possess
birefringence.

With correct crystal orientation, proper

phase velocity between the three waves can be achieved
without ordinary and extraordinary waves separating due to
birefringence.

Note also that Equation (22) represents a

major difference between lasers and parametric oscillators.
Namely, phase coherence is necessary in optical parametric
oscillation between the pump and output f i elds, where either
spectral or angular broadening of the pump may actually
increase oscillation threshold beyond any obtainable

23

parametric gain.

In contrast, for laser pumping, electrons

in a lasing media can be pumped into higher energy states
via incoherent energy.
Barium borate possesses a sufficiently large
birefringence as to allow not only type I and II phase
matching, but also type III phase matching to satisfy
Equation (22).

Critical angle tuned phase matching is

accomplished via a proper phase match angle, e, between the
crystal's optical axis and the direction of beam
propagation.

Also, proper orientation for the three

linearly polarized fields with respect to the orthoganal
ordinary and extraordinary axes of the index ellipsoid is
necessary.
For example, if the pump wave at w3 is linearly
polarized as extraordinary, with the idler wave at w2 being
linearly polarized as ordinary, then collinear phase
matching can occur when the signal wave is linearly
polarized as either ordinary, withe= 8(I), or
extraordinary, with 9 = 9(II).

In other words, Equation

(22), using subscripts, can be rewritten specifically for
type I and II phase matching as

24
+

( 23a)

(23b)
where

(24)

Unlike Equation (22), Equations (23a) and (23b) are scalar,
since collinearity is assumed.
Again, if the pump wave is linearly polarized as
extraordinary, but with the signal and idler waves now
polar i zed as o and e, respectively, then collinear phase
matching can also exist, being designated as type III phase
matching.

Thus, type I, II, and III parametric processes

are described by the notation (e - oo),

(e - oe), and

(e- eo), respectively, as shown in Figure 4.
OPO tuning curves can be generated by solving Equations
(21) and ( 22) simultaneously.
(21)
(22)
Equation (21) constrains the tuning curve to obey
conservation of energy while Equation (22) takes into
account crystal dispersion given by Sellmeir's equations.
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1.54 Micron Generation with BBO.

26

..
..
,
- ..,
,

J.O

OP0 nccu.l

1.s

vu-. J!-a.110,

1.1

Cff?I I)

' '\

! I.I
"

!

I•

•••

I.J

,

,
,
,,

M

,

,
,,

.

I

I

\

\
: 1'-p • O.JU

I
I.JUI

N

.

.

,.

J'SUI-M1'0DIC Aa:l.&CMtTN,

J.O

(Tin

1.1

"

u,

1.1

•->
JI

JI

••

N

,.

. .

PDn-MTalllG AIICUC~,

Figure 5.

Optical Parametric Oscillation Tuning Curves for
BBO (a) Type I (b) Type (II).
Source:

Lin, 1987.

27

3.0

2.6

2.0
1.6

1.0
E

.:l

~

c..,

z

w
...J
w
>

0.6

<

3

0.3
30

40

so

60

70

PHASE MATCHING ANGLE (DEGREES)

Figure 6.

Tuning Curves for Type III Coupling in

B-BBO.

28

250

~

200

...8C0

i

a

u
......,

~

150

~

~

c.,

z

1-4

z

{:!

100

50

0

1.S

16

I

17

'

18

I

I

19

'

20

21

22

PHASE MATCHING ANGLE 8 (DEGREF.S)

Figure 7.

Tuning Rate Sensitivity Curve for S-BBO.
coupling with 532 run pump.

Type I

29

In this section, we assumed the interacting waves were
collinear, which, in general, is not always true.

The next

section addresses line broadening and localized phase
mismatch since, in reality, the crystal is not 100 percent
optically homogenous and free of strain, and the three
interacting waves are not plane waves, but instead have
finite line widths, along with being limited and
inhomogenous in the transverse direction.
Phase Mismatch Effects
The same nonlinear properties that give us useful
birefringence can also detract from optical parametric
oscillation efficiency and signal line width.

Specifically,

normal wave front vectors, k, of interacting fields in
m

nonlinear crystals are not, in general, collinear.
words, there can exist a phase mismatch error,

In other

6 k,

represented by
(23)

k l = 6k

2
which dampens gain by sinc ( 6kL/2).

Unlike the primary

longitudal mode in the parametric cavity, secondary modes
usually have an associated phase mismatch, whose dampening
effect must be overcome by higher pumping levels if these
secondary modes are to exist.
noncollinear efficient ( 6k

Inefficient ( 6k # o) and

= o) interactions can broaden
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output line width.

Also, unsaturated gain will amplify

noise in modes which have frequencies close to the phase
matched mode.

This can be further aggravated via optically

induced index inhomogeneties from thermal gradients in the
crystal, and multi mode pumping.

Also, low angle scattering

will tend to cause power flow from oscillating modes to
nonoscillating transverse modes (Kreuzer, 1968).
Poynting vector walk off, where the pump power fluence
is noncollinear with the wave front normal in the crystal,
can also limit efficiency and increase oscillation threshold
in optical parametric oscillation.

This walk off phenomena

also limits the effective crystal length that can be used,
since the pump, idler, and signal beams will only overlap
and coincide over a limited distance without spatially
decoupling.

This distance is known as the aperture

length, where L

a

= w

o

f;; S .

Unfortunately, BBO's walk off

angle is very high--51 mrad at 1064 nm compared to the 1 and
23 mrad walk off angles of KTP and KDP, respectively.

BBO's

walk off angle is also comparably high when considering that
the beam divergence angles of many lasers are less than 1
mrad.

Also, a high walk off angle is accompanied with low

angular acceptance width, both being inversely proportional
to each other.

And, although higher phase matching angles

may minimize walk off and finite acceptance width effects, a
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decrease in effective, second order susceptibility will
result.
Alternate Tuning Methods
Although angle tuning is by far the most widely used
method for crystal tuning, crystal birefringence can also be
altered in other ways.

Refractive indices can be varied

with both temperature and electro optic effects.
Temperature tuning, albeit slow, can tune over wide
ranges and, when combined with angle tuning, can also be
used to achieve a desired lower or higher phase matching
angle, thus reducing walk off or increasing effective,
second-order electrical susceptibility.

However, BBO's

indices of refraction are far too temperature invariant to
allow temperature tuning to be practical.
Electro-optic tuning, although having a very limited
tuning range, can tune extremely fast.

Typically, tuning

rates are on the order of a few angstroms per kV/cm of
applied electric field.

For an applied transverse field,

the number of bandwidths tuned through for a given voltage
is approximately

n

1 6V L

= ---

(24)
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where dis the distance separating the elctrodes, Lis the
crystal length, and VTI is the half wave voltage (Byer,
1977).

For a pump wavelength of 532 nm, BBO's half wave

voltage is approximately 40 kV.

Thus, if

6V=20 kV and L=2

cm, then one bandwidth is tuned through per cm of electrode
separation.

For an operating point quite removed from

degeneracy, say Al and A equal to 2.0 µm and .72 µm,
2
respectively, a bandwidth corresponds to 12 cm-l for a 2 cm
BBO crystal (see Figure 15), yielding a tuning rate of
0.6 cm

-1

/(kV/cm).

However, for tuning closer to degeneracy,

say Al and A2 equal to 1.54 µm and .31 µm, respectively,
BBO's tuning rate increases to 1.2 cm- 1 /(kV/cm),
corresponding to 2.8 A/(kV/cm) in the 1.54 µm eyesafe
region.
It should be noted that there are characteristics
common to all tuning schemes.

Faster, more sensitive tuning

rates are accompanied with larger line widths.

Also, as

frequencies move toward the degenerative point, gain
bandwidth increases due to lower crystal dispersion.

Thus,

the gain line shape not only shifts during tuning, but also
undergoes a change in bandwidth.
Review and Applications
Various tuning curves for S-BBO were reviewed.

Also

presented were type III tuning curves, although the utility
of type III phase matching is rather inefficient due to
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poor coupling.

The sensitivity of phase mismatch, ~k, with

respect to temperature, pump divergence, and spectral
content, determines the efficiency and bandwidth for
parametric generation.

And, line broadening and

inefficiency induced by temperature variance are much less
restricting in BBO than is the spatial requirement that the
pump divergence angle must lie within the acceptance angle,
which, for BBO, is quite small.
With the tuning curves presented, both effective
nonlinear coefficients and Poynting vector walk off angles
can now be evaluated specifically for 1.54 micron
generation, showing that type I coupling with a 532 nm pump
is superior to that of type II or III coupling when
generating a 1.54 micron signal.

With type I, II, and III

phase matching angles being 21°, 28°, and 39° for 1.54 µm
generation, the corresponding 532 nm pump Poynting vector
walk off angles become 50, 60, and 74 mradians, respectively
from Figure 2.

Hence, Poynting vector walk off is minimized

via type I mixing.

And, as mentioned previously, greater

coupling also occurs in type I phase matching, opposed to
type II or III phase matching, since nonlinear
susceptibility is greatest and there exists only one
extraordinary wave.

For a 1;54 wm signal, the corresponding

type I, II, and III nonlinear coefficients are proportional
to cos 21°, cos 2 28°, and cos

2

39°, ma k'ing t ype I
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susceptibility 12 and 55 percent larger than type II or III
susceptibility, respectively.
An angle tuning rate curve for the type I/532 nm pump
process was presented in Figure 7.

Since the 1.54 µm signal

is 3000 cm-l from degeneracy, tuning is moderately
1
sensitive, approximately 90 cm- /mrad.

A precise, high

resolution mechanical stage should be used when tuning.
Again, due to BBO's extremely wide temperature acceptance
width, thermal tuning is impractical.

CHAPTER 3
NONLINEAR FORMULATION
Introduction
The intent of this chapter is to familiarize the reader
with fundamental parametric processes.

Electromagnetic

theory that governs three wave mixing, parametric gain,
angular and spectral acceptance width, and oscillation
threshold is reviewed as pertaining to BBO.

Unpublished

material includes both angular and spectral acceptance width
curves for type I, II, and III coupling processes using a
532 nm pump.

These curves represent second order

sensitivity analyses, extended to general three wave mixing,
for the signal, which corresponds to the 1.54 wm wavelength.
Nonlinear Formulation
To see how the three interacting waves are coupled to
each other in the parametric process, we start with one of
Maxwell's equations,
'v

X

{ 2 5)

H

Separating pinto its linear and nonlinear terms,
36

E

0

XLE and

37

PNL'

retaining only PNL' with J = a E, Equation (25) becomes
'v

X

- a
oE + -a EE+_

-

H

at

at

-P

( 2 6)

NL

Taking the curl of both sides of yet another of Maxwell's
equations,
'v

X

[

'v

X

E] =

a
at

-

'vx [--wH
0

( 2 7)

yields
= -lJ

0

a
at

_

-

('v x H)

substituting Equation (26) into Equation (28), with

(28)
a

= o,

since our crystal is charge free, yields
( 2 9)

This last equation must be satisfied for each of the
three frequency components.

Therefore, Equation (29) must

be rewritten for each frequency component, thus giving us
three coupled equations.

However, detailed manipulation of

Equation (29) will only be done for frequency w .
1
2
Also, to further simplify 'v and our discussion, a
quasi-plane wave model is implemented, i.e., a/ax= a/ay = 0
for the fields at w , w , and w with one important
3
2
1
exception--the amplitudes will remain a function of z, the
propagation direction, although the functionality of Eon z
will not be explicitly shown.

We then have the following:
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(30)
Spatially, the rapid optical frequency variations of
the three fields are very small when compared to the
nonlinear interaction length in the crystal.

Significant

amplitude growth occurs over distances that are much greater
than the magnitudes of the optical wavelengths themselves,
so that

I d 2 E/dz 2 I

<< k

I dE/dz I •

Thus, second order

derivatives in the Laplacian of Equation (30) can be
n e glected.

Hence,

(31)
2
Substituting this expression of V Ei into Equation (30),
with d 2 / dt 2

=

- w2 and E~ 1

E . ei( w1 t - k 1 z)

-

l.

l.

yields

w
d
w1 ) e i(w 1 t - k 1 z) + c.c . ]
[(~ k 2 E . 1 + 1"k 1 - E .
2

=

l

i

dz

i

(32)
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where, from Chapter 1, we have

(33)
Note also, that since

2
d /dt 2 =-w 2 we are left only with

longitudal spatial derivatives.

Thus, the time varying

component of the phase exponentials may effectively be
supressed with no loss of generality, since we have assumed
frequency oscillations at w , w , and w for E , E , and E ,
3
3
1
2
1
2
respectively.

Using the above substitutions, multiplying

both sides by -ieik 1 /k , letting ~k
1

=

k

3

- k

2

- k , and
1

assuming high transparency, Equation (32) then becomes

(34)

dz

Furthermore, we can limit the subscripts i, j, and k to
only one linear polarization direction, thus allowing us to
For

simply use deff instead of the cumbersome dijk tensor.
example, if type I phase matching is used, i = x, j
y', and dijk
is used, i

=

=

deff(I).

j

=

x', k

=

k

=

Likewise, if type II phase matching

=

y', and dijk

=

deff(II), where the

primes indicate that the transverse coordinate axes of the
optical table, x and y, and those of the crystal, x' and y',
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may not coincide.

Regardless of which type of phase

matching is used, Equation (34) becomes
dEl =
dz

(35)

And, performing the same operations again on Equation (21),
for both w2 and w3 components, yields equations similar to
that of Equation (26).

Thus, we have three coupled

equations for the signal, idler, and pump fields, given as

= -iw 2 n2 d

eff

* e -i&z
EE
3

( 3 6a)

l

(36b)

( 36c)

These three equations are general, describing numerous
second-order, three wave parametric interactions, providing
the appropriate initial conditions are supplied.

Various

initial conditions are listed below.
for frequency upconversion

=
=

0

for sum generation
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=

for OPA

=

=

0

for OPO

Using OPA as an example, we see from Equations (1) and
(36b)

that the mixing of waves at w and w generates a
3
1
radiating, driving polarization wave at w , which, under
2
phase matched conditions, travels at the same phase velocity
as E( w2 ), which is free to grow as long as there is this
constructive, resonant interference.

From Equation (36a),

this idler wave now mixes with the pump, again, producing
another traveling polarization field which is velocity phase
matched to the signal wave, thus giving rise to signal wave
growth and further pump wave depletion, occurring as a
function of z.

Hence, the terms "traveling wave amplifier"

and "difference-frequency generation" are often used.
Optical parametric oscillation occurs in much the same way,
with initial idler and signal waves taken to be at noise
levels.
By taking the complex conjugate of Equations (36a) and
(36b), and multiplying Equations · (36a),
(E* I w2

) ,

(

E* / w1

) ,

and (E* /w 3

) ,

(36b), and (36c) by

respectively, the magnitudes

on the right hand side of the equation become equal,
yielding the Manley-Rowe photon conservation relations.

w dz
1

1 dI

1 dI

w2

w3

= - -2 = - - -3
dz

dz

( 3 7)
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In closing, it should be noted that there is a
quantum-mechanical probability that a pump photon will split
into signal and idler photons while propagating through a
nonlinear crystal.

The bandwidth of this spontaneous

parametric emission is controlled by the length of the
crystal.

However, compared to single pass parametric

flourescence, optical parametric oscillators produce
superior spatial and spectral signal properties, due to the
resonator cavity.

Unlike a signal pass device, the

resonator provides a phase matched idler (or signal) present
with the pump upon crystal incidence for amplification,
opposed to parametric generated noise associated with a
single crystal pass.
Parametric Gain
A signal is to be parametrically amplified.

For the

model presented in Figure 10, the pump is approximated as
nondepleted, where dE /dz
3

= 0.

Thus, assuming phase

matching exists, Equations (36a) and (36b) simply become

dES
dz
dE-l
dz

= As Ei*

= A·l Es*

(38)
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Figure 10.

Single Pass Gain.

Signal and idler growth is then described by the solutions
E5 (z) = E cosh(fz) - i M E. sinh(fz)
SO

1

S

lO

( 3 9)

E_ (z) = E. cash( fz) + ~ E sinh(fz)
1

10

where O ~ z ~ L and

S

r= (

w

s

1

so

w. n . n ) ½ E d ff.
1
1
s
p e
2

Single pass

power gain then becomes proportional to cash ( fL)
cavity, where E.

10

= 0.

Thus, if BBO is used with a pulsed

532 run source, and

deff(23o)

=

2.2 x 10-23 MKS

n;(l.06µm) = n (1.06µm) = 1.7

1

L = 1 cm and

w.

1

=

wS

=

no= 377n

2nc/1064nm

E 3 = 100 kV /cm

for a SRO
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then single pass gain is approximately 5.3, corresponding to
7.2 dB.

Assuming the pulse is long enough to permit 20

signal cavity transits for build-up, the initial parametric
flourescence noise will have undergone a 145 dB gain.

Even

near the later stages of build-up, the non-depleted pump
model is usually good, since common optical parametric
oscillation efficiencies are usually under 10 percent.
For oscillation, gain must equal round trip losses.
The minimum threshold gain is much less than the value
previously calculated.

For threshold gain,

2
much less 1, thus sinh ( fL)

fL is usually

is approximately ( fL)

Returning to Equation (39a) with E.
io

=

2

.

0, an expression

for small parametric gain can be obtained.

(40)
2
P/Pso = cosh (fL)

p /P

s

1 = sinh 2 (fL)
so -

Gsmall~

(fL)

(41)

2

(42)

Thus, from Equation (39a), small gain is given as

(fL) 2 =

2w w.n 0
Sl
nS n.n
l p

d

P

L--2.
eff · A

( 4 3)
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In closing, it should be noted that the gain
expressions derived were independent of phase.

This model

is valid for SRO oscillators, where the generated field that
is not resonated is free to assume and develop a proper
phase relative to the pump that will maximize gain.

In

contrast, if both idler and signal fields are incident on
the amplifying medium, as in a DRO oscillator, gain will
then be dependent on both idler and signal phases, which can
effectively act as a gain-dampening mechanism.

Also, in

this idealist scenario, it was assumed that all of the pump
beam spot size participated in the parametric process.

In

reality, only the center of the pump spot size is utilized
during build-up.

The next section will addressed the

effects of non-idealized spatial coupling.
Spatial Coupling
In the single pass model presented in Figure 10, assume
the pump wave possesses a Guassian-like transverse amplitude
profile.

As a result of Poynting vector walk off and

nonlinear polarizations, both the idler and signal waves
will not, in general, have true Gaussian amplitude profiles,
but they can be approximated as having such, so that the
2
2
2
-r /w
-r /w:
incident transverse amplitudes are Eso e
s, Eio e
i,
-r2/w2
and E e
p for the signal, idler, and pump,
po
respectively. From Equation (36a),
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(44)

Thus, the driving polarization field has a spatial profile
determined by the product of two field amplitudes.

The

waists of the parametrically induced signal and idler beams
become significantly narrower than the incident pump beam
waist.

As an example, the signal polarization beam waist,

arising from pump-idler interaction in Equation (44), is

1
1
=+1~2
S

w~
l

(45)

w2

p

This gain narrowing effect, where the driving
polarization waist is smaller than that of the interacting
beams producing it, represents an inefficiency, since the
driving polarization beams fail to completely spatially
couple over the entire spot size of the free propagating
electric field waves.

This inefficiency can be represented

by single-pass spatial coupling coefficients gs, gi, and gp,
where, for example

47
g

s

=

2w s2

/

ws2 +

w2
s

(46)

Thus, single pass gain can be decreased by a factor of g.g.
1. s
However, for multipass SRO parametric operation, the
signal (or idler) is resonated and is not entirely free to
accept any arbitrary profile of a driving polarization wave.
Thus, not all of the polarization energy may be coupled into
the lowest resonator mode of a bound signal or idler wave.
The extent of polarization energy transferred into the TEM
00

cavity mode is defined by the spatial coupling coefficient
00

C

00

=

JP(x)E* (x)dx

(47)

-oo

where P and E are normalized amplitude profiles taken to be
Gaussian.

In general, Equation (47) requires the

integration over Hermitian polynomials for pump profiles
other than Gaussian.
idler)

However, only the TEM

00

signal (or

field is useful and needs to be considered, since

higher order modes have slightly different phase velocities
and thus may not simultaneously resonate with the TEM
mode.

With c

00

00

simply requiring integration over the

product of two Gaussian profiles, the first order coupling
coefficient becomes
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2

C

WP

00

=---w2

p

+

w2

(48)

.

s,1

Thus, SRO threshold will be increased by a factor of 1/c
00

It should be noted that this spatial coupling analysis
is valid only during build-up or at operations near
threshold.

If pumping is done at higher powers, the pump

profile quickly becomes distorted due to depletion.

Thus,

the signal beam waist may expand to that of the pump
(Brosnan and Byer, 1979).

Furthermore, for short-pulsed

optical parametric oscillation operation, the parametric
process may be so transient that traditional TEM modes may
not have sufficient time to become established in plane
mirrored cavities (Bjorkholm, 1971; Boyd and Ashkin, 1966).
Finally, in order to obtain maximum coupling between the
pump and parametric fields, the spot size of the Gaussian
pump beam can be made to match the TEM

00

parametric

resonator mode (Komine, 1988).
Signal Angular and Spectral Acceptance Width
The method of 1.54 micron generation proposed herein
requires the second harmonic of a Nd:YAG laser to pump the
parametric oscillator.

However, the angular and spectral

content of this 532 nm pump is significantly broader than
that of solid state laser output.

Ideally, we would like
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the phase matching process, be it type I, II, or III, to be
simultaneously insensitive in both wavelength and angle as
to allow the entire 532 run pump to participate in 1.54
micron generation.

A

second order sensitivity analysis

extended to general three wave mixing for the signal, which
is associated with the 1.54 micron wavelength, allows a
comparison between the phase matchable bandwidths allowed in
t y pe I , II, and III coupling.
With frequency conversion efficiency being expressed as
f)

= f1

0

2
sinc (6 kL/2), the signal acceptance angular and

spectral widths, 68, and 6A, respectively, can then be
defined as the variance in both direction and magnitude of
the signal wave vector for which phase mismatch does not
exceed

TT/ L, thus reducing efficiency by (2/TT ) 2 •

In order

to express phase mismatch as a function of acceptance angle
or spectral width, 6kis expanded into a Taylor series
(Barnes and Corcoran, 1976).
with X representing 8(= w )
1

Retaining second order terms,
for collinear mixing, or A,

yields

6k

0

a2~k ti2X = ±TT/L
= tik 0 + a~k tiX +..:.2 a2x
ax

(49)

where,

atik = 2TT
aw 1

un,_!_
ae

A1

+ -1:'.i. >.. 1
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Angles 8 2 , 8 2

,

and

W2 are defined in Figure 9.

6k= TT/L, a quadratic equation in

Upon letting

X results, where

Xis the

magnitude of allowable variance in frequency or angle of the
signal wave vector which will further decrease present
efficiency by 60 percent.
µm

Notice that, at least in the 1.54

region, the type I process in BBO, having a spectral

acceptance width of 16 cm- 1 , is not as sensitive to
frequency variance as are the type II and III processes,
with acceptance widths of 10 cm

-1

and 14 cm

-1

, respectively.

However, type II coupling is far less sensitive to signal
angular variance than either type I or III coupling,
possessing an allowed variance of 9 mradians.

The idler may

sometimes be more sensitive in frequency than the signal,
thus being the component that limits efficiency.
since 61..ui= - 6w 2 ,

However,

the corresponding signal wavelength variance

can be obtained from the smaller idler variance.

This

process is reflected in Figure 12.
Lastly, it should be noted that when the first order
term vanishes in Equation (49), higher order terms then
dominate the Taylor series, as in tangential phase matching.
Most generally, the acceptance angle is a two-dimensional
solid angle, where

6l!} is the one-dimensional acceptance

angle perpendicular to the optical plane containing 68.
However, for non tangential phase matching, 6l!} > 68, thus
efficiency is normally limited by 68.
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Oscillation Threshold
Optical parametric oscillation uses a cavity to enhance
parametric gain by producing an effective interaction length
which is far greater than the physical crystal length.

The

basic requirement of OPO is that single pass parametric gain
of f set round trip mirror coupling, scattering, and
absorption losses.
Once the fields inside the optical parametric
oscillation cavity have reached steady state, field
amplitude and phase repeat over a cavity round trip.

Using

this somewhat idealistic approach, DRO threshold can be
calculated (Yeh and Yariv, 1984).

Although a single,

forward pass through the crystal results in net signal and
idler growth, propagation through the crystal also produces
phase shift and attenuation via absorption, both effects
being represented as e

- ( o + ik) L

With negligible bulk

crystal loss, the single pass growth solutions, Equations
(39a) and (39b), then become

e

-ik L
1

cosh(fL)

e -ik2L

cosh ( fL )
( 5 3)

Taking z

as an arbitrary point within the cavity, we
0

have four matrices that take into account coupling loss and
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phase shift from M1 and M , phase shift from backward
2
propagation through the crystal, and amplitude gain and
phase shift via forward propagation through the crystal.
0

0

0

e-ik 2 L cosh(fL )

(54)

In order for¢ to effectively function as an identity
matrix, the oscillation condition must be satisfied.

det
or,

-

¢

=

(55)

0

[r~ e-i 2kiL cosh(fL) - l]

[(r;) 2 e-i 2k 2L cosh(fL) - l]

=

[r2 (r*)2 e-i2{k2 - k1)L sinh(fL)]
1

2

( 5 6)
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If 2kl, 2 = r/Jl, 2 ± 2n

TT ,

then f =

r min
.

and

Equation (56) becomes real.

(57)
Thus, as with a laser, the parametric cavity supports and
favors longitudal modes that fit inside of it.
With cosh

(fL) =1 + ( fL / 2)

2

, for threshold gain, and R , =
1 2

1, for a double resonant oscillator, Equation (57) then
becomes

(58a)

or

(58b)
Using Equation (39), DRO threshold power density becomes

(59)
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For example, if BBO is used with a 532 nm pump, tuned to
degeneracy (

11.

=

1

e

n 3 (532nm)
n~(l064nm)

1064 run), with

=

= 1.55,
=

R1

=

.98

n~(l064nm)

=

1.70

2
then theoretical DRO threshold is approximately 5 kW/cm.

In a singly resonant cavity, a high loss is incurred at
M for either the signal or idler wave.
2

This discrete

coupling loss can be lumped together with distributed
crystal absorption and scattering losses, producing a
hybrid, distributed loss coefficient.

With the entrance

mirror reflectivity approaching 100 percent for the
1
resonated wave, the loss coefficient, a (cm- ), becomes

1

o - - ln(R)

Cl

=

Cl

= a - -

L

1

L

(l - R)

for R

+ 1

(60)
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Thus, the single pass idler/signal growth solutions,
Equations

(39a) and (39b), can again be modified to describe

intracavity operation at threshold.

Rearranging Equations (61a) and (61b) yields

e

-ik L

cosh(fL)

1

e-ik2L cosh(fL )
( 6 2)

Solving the above set of equations by Cramer's rule yields
numerators of zero, so that the denominator determinate must
also be zero for a nontrivial solution to exist, yielding

cosh(fL)
( 6 3)

With cosh(fL)

=

1 + (fL)

Equation (63) becomes

, e a1 L«

1 , and e a2 L»

1,
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(fL) 2 = 4a 1 L
=

4(1 - R1 )

for a= O

(64)

Substituting Equation (64) into Equation (39) yields an
expression for SRO threshold power density.

(65)

Thus, comparing Equations (65) and (59), the ratio of SRO
threshold to DRO threshold is
(66)
Using the previous BBQ example, with R (DRO)
2

=

.98,
2

theoretical SRO oscillation threshold is 500 kW/cm, 100
times that of the DRO cavity.

Hence, mode locked or Q

switched pulsed pumping is used for SRO configurations.

It

should also be noted that the nature of oscillation
threshold and conversion efficiency for pulsed operation is
different from CW operation.

Although pulsed peak power can

be orders of magnitude larger than CW threshold, negligible
conversion efficiency can result if build up time is
comparable to the pump pulse width.

As with a laser, when

60

threshold (oscillation) is reached, output power and
efficiency increase dramatically.

However, the build up

time to reach this efficient operating regime represents an
effective loss mechanism, and can even prevent the
parametric oscillator from turning on if this rise time is
too large.

Although build up time decreases with larger

pump intensities, the pump pulse must still provide
sufficient gain over a sufficient time interval to allow the
signal to build up from noise to a resonant wave.
Review and Applications
Parametric generation and oscillation theory was
reviewed.

Also, since we would like simultaneous phase

matching for the entire bandwidth of the 532 nm pump,
sensiti v ity to both angular and spectral variance in the
parametric process becomes a critical issue.

Hence, a

sensitivity analysis was presented concerning both the
magnitude and direction of the signal wave vector, which
corresponds to the 1.54 µm wavelength.

Unlike other

sensitivity studies, second order terms were retained for
greater accuracy.

Also, the analysis was extended to

general three wave mixing, as opposed to just second
harmonic generation (degenerate parametric oscillation).
the 1.54

In

wrn region, the type I process is less sensitive to

spectral variation than either type II or III processes,
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with allowable type I, II, and III signal spectral variances
0

0

O

widths being 39 A, 24 A, and 33 A, respectively.

However,

type II coupling is far less sensitive to signal angular
variance than either type I or III coupling, possessing an
allowed variance of 9 mradians opposed to less than 1
mradian for type I and III processes.

CHAPTER 4
DESIGN PARAMETERS
Introduction
Optical parametric oscillation configurations and
parameters can be varied in numerous ways, providing that
parametric gain be at least equal to round trip loss.
However, there is no one single optimum OPO design, although
basic principles do limit the degrees of freedom with which
one can exercise.

With every design modification, there are

invariably both positive and negative effects associated
with it.

This chapter will consider various optical

parametric oscillation destgns.

Unpublished material

includes a gain bandwidth curve for the efficient type
I/532 nm pump process.

Also, the effect of poor focusing is

shown to seriously aggravate the gain dampening effect of
pump walk off.
Focusing Considerations
Proper focusing can be used to increase optical
parametric oscillation efficiency by increasing pump power
density, without increasing threshold from walk off,
providing that the beam waist is properly confocal within
62
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the crystal.

If the beam is not focused, power density may

be insufficient to yield efficient operation.

In contrast,

a beam focused too tightly, relative to the crystal's
aperture length, may undergo both excessive beam divergence
and walk off.

Optimum values between crystal length and

confocal spot size for single transverse mode beams can be
obtained graphically, via gain reduction curves (Boyd and
Kleinman, 1968).

The gain reduction factor modifies the

ideal threshold expressions presented in Chapter 3, which
neglected beam focusing and Poynting vector walk off.
The parameters Band~ of the confocal reduction
fa ctor, h
A
3

=

2A

0

,

m

( B,~), are defined in the degenerate case, where
and are given as
B -

½

1T

b = 2TTw

0

(L/La)f::-i/2

/ 11.

(67)

f:: = L/ b
OPO threshold is increased by 1/n (B, ~), where Bis
the double re f raction parameter.

h

(B,,) takes into

account beam divergence due to focusing and the parametric
gain thus coupled into the fundamental mode.
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The graph in Figure 13 illustrates optimum confocal
focus i ng as a function of~, which is walk off angle
dependent.

Generally, if b > L, then tighter focusing
0

increases efficiency.
can reduce efficiency.
3b

0

However, if b 0 < L, tighter

If B = 0, then Lat approximately

is optimum, while if B

1.0

0. 1

=

1, then Lat b

I

0

is optimum.

B=O

~

,,,-....

..

l...,JI

co

'-"'

l..c:

. 01
C

~

.01

I

II

I

0.1

I

ii

1.0

10

I I

I II
100

~

Figure 13.

Efficiency Reduction Factor h(B,~).
Source:

focusing

Boyd and Kleinman, 1968.
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For example, for an extraordinary pump wave at 532 nm,
Poynting vector walk off is 50 mradians, yielding an
aperture length of 5.3 mm for a confocal field waist radius
of .15 mm.

For a 5 mm crystal, the confocal distance,

focusing, and double refraction parameters then become b
.3 m,

~

=

.4, and B

=

=

2, respectively, yielding a reduction

factor less than 0.2 and increasing threshold five times.
Thus, BBO's strong double refraction from walk off can
severely impede efficiency, particularly when improper
focusing is used.
Using the Boyd/Kleinman efficiency reduction curves, it
is possible to efficiently couple a Gaussian pump from the
TEM

00

mode laser to the parametric oscillator mode.

symmetric, curved-mirror cavity, the TEM
is centered at d/2

w~ =

00

For a

cavity mode waist

(the crystal's position), and is

2

~ ( 2R - d) d

( 6 7 d)

27T

where R is the radius of curvature.

Thus, mode size should

be chosen which will optimize energy transfer for a given
crystal length.

Again, if the modal waist is too large or

small, then either power will not be sufficiently
concentrated or excessive beam divergence will prohibit
efficient phase matching (Smith, et al., 1968).
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Notice that near the optimum regions, along the dashed
line in Figure 14, hm somewhat looses its~ dependency, and
can thus be approximated as
-

1

h (B) = - - - -

m

where Leff=

1 + L/Leff
2

n/k 1 S

•

(68)

So then, for optimum focusing,

parametric gain will decrease by 50 percent when L = Leff'
where, in contrast, hm (B = 0), for 90 degree phase matched
crystals, is immune to crystal length variance.
In closing, a low quality lens or collimating telescope
may perturb and distort a - uniform phase front if these
optical instruments are not near diffraction limited, thus
increasing threshold by introducing an effective phase
mismatch.

In order to obtain a maximum acceptable tolerance

for optical elements, conversion efficiency, as a function
of transverse phase front distortion, is expressed as
2
sinc (S L( 6 E /6 x)).

Hence, critical transverse phase

variation is then given as

(69)
For example, with a 1cm BBO crystal and a 1064 nm pump
( S =

0.51

mrad), an induced variation of one half wave

phase, 3 radians, per transverse millimeter will
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approximately reduce efficiency to 40 percent.

It should be

noted that the near field output of some amplifiers and
unstable l asers can have transverse phase variations large
enough to increase oscillation threshold beyond any
obtainable parametric gain.

Hence, far field operation, or

the use of a spatial filter, is required in order to allow
diffractional effects to produce a cleaner phase front
and a Gaussian-like transverse distribution (Nolting, et
al., 1988; Brosnan and Byer, 1979).

SRO, DRO and DSRO
There are three basic optical parametric oscillation
configurations--DRO, SRO, and DSRO.

The doubly resonant

oscillator, or simply DRO, - possesses high Q for both idler
and signal.

Initial optical parametric oscillation

configurations were of this type.

In contrast, the singular

resonant oscillator cavity (SRO) supports only signal or
idler oscillation.

The double SRO cavity, DSRO, is an

enhanced version of the SRO cavity, utilizin g pump feedback.
A DSRO configuration can be implemented with either the
outcoupling mirror, M , possessing reflectance at wp, or an
2
exterior, narrow band mirror following M possessing
2
re fl ec t ance a t wp·

The advantages and disadvantages of each

configuration will be considered and discussed in this
section.
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The DRO cavity, although lowering oscillation
threshold, has some inherent problems (Bjorkhol, 1968).
Many of these problems are due to modal cluster effects.
With both the bound idler and signal waves resonate at
different frequencies, axial mode spacings, even for
adjacent modes, are not uniform since the optical cavity
length varies with frequency via crystal dispersion.

Thus,

oscillation occurs only when idler and signal mode spacings
sufficiently coincide or cluster, where the frequency
offset, ow , is much less than the cavity linewidth,ow,
C

F igure 14).

(see

The spacings of these clusters are larger than

the individual mode spacings of the idler and signal waves.
Cluster separations ranging from several cm
hundred cm-l have been observed.

-1

to several

Giordmaine and Miller

(1966) approximated spacing of successive mode pairs
satisfying frequency oscillation as

(6w) 2

N+l

-

(6w) 2 = nc

2d

~,

aw

( 6 9)

Wo

Simultaneous oscillation can be supported on several
clusters for a sufficiently high gain.

However, for pulsed

pumping, this may be due, in part, to the fact that temporal
widths are too transient to allow modal competition to
select the steady state cluster(s) to be supported.

Note
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Alignment of DRO Longitudal Modes.

also that alignment of the signal and idler cavity modes
that do sum to w may not be near the center of the
3
parametric gain lineshape, thus reducing performance.
Furthermore, the coinciding longitudal modes of the
constrained waves that are supported may shift unpredictably
from shot to shot due to temperature variances, vibrations,
and multiaxial mode pumping (Harris, 1979).
Because of this modal clustering, where both the idler
and signal frequencies must sum to the pump frequency and
also have resonance within the cavity, multiaxial mode
pumping may not be fully utilized.

Thus, the DRO cavity

requires signal frequency pumping and extreme optical cavity
length control (from vibrations and temperature changes) to
provide frequency stability and to prevent severe amplitude
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fluctations.
q

1

and q

2

For example , assume initial longitudal modes

exist for signal and idler waves, respectively.

If the cavity length, L, slightly changes to L +

w2

and

w2

(L + 6L) n

2

become

w~ =

( q 1 + 6 q)TTc/ (L + 6 L)n 1 and

6L, then

w; = (q

- !).q)TTc/

•

Using the relation

w3 = w;+ w{,

yields

( 7 0)

Then the frequency shift; due to
!::.w =

6L, becomes

w'l - w1

( 71)

10- 6 , n / 6 n
= 200, and A 3
21
2
60 GHz or 2 cm-l
Using the relation

Thus, if

6 L/ L

then

=

6f

=

=

1 µ m,

( 7 2)
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60 GHz corresponds to a variance of ~A=

0

2 A.

Also, with

two waves resonant in the DRO cavity, effective gain length
can be reduced.

For example, if an idler of incorrect phase

is present, idler flux will revert to noise and then grow
again in proper phase.

This delay of gain reduces the

effective gain length (Baumgartner and Byer, 1979).
Furthermore, the DRO cavity may inadvertently become an
optical power limiter.

With both reflected idler and signal

waves traveling backwards under index matched conditions,
they mix to produce an induced pump wave also traveling
backwards.

The opposite direction of propagation for

incident and induced pump waves gives rise to an apparant
power dependent reflection for the incident pump and a power
limiting of the transmitted pump to threshold amplitude,
yielding a maximum theoretical efficiency of 50 percent
(Siegman, 1962).

However, if backwards propagation through

the crystal is avoided via a ring cavity, power dependent
reflections are absent.

Thus, a theoretical efficiency of

100 percent is obtained (Bjorkholm, 1969).
By providing pump feedback, the DSRO cavity enhances
optical parametric oscillation performance.

Double passing

the pump reduces threshold without reducing frequency output
stability.

Typically, 60 percent of the exiting pump passes
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back through the crystal with the rest undergoing mirror
losses and surface reflection.

However, as with the DRO

cavity, the DSRO is not without its problems either.

Since

more energy is fluent through the crystal for a given input
pump, crystal damage threshold may need to be considered.
Althoug h , for BBO, the increased energy fluence is not too
restricting, since, providing no crystal inclusions,
striations, or microcracks exist, BBO's damage threshold is
5 GW/cm

2

for T = 10 ns at 1064 nm.

With a double passed

pump, localized self focusing threshold is reduced.
However, normal OPO temporal pulse widths are usually
moderate, approximately 10 to 100 ns, thus insuring that
power densities are not high enough to induce damaging third
order effect.

Also, excessive DSRO pump feedback may

prohibit lasing, or even damage the pump-generating laser
while its electro optic aperture is open.

This problem can

be alleviated via far· field operation, thus providing
temporal isolation.

Another option would be to tilt the

DSRO cavity a few minutes away from normal beam incidence,
thus providing spatial isolation.

Faraday isolators have

also been used to prevent feedback damage.
With the SRO cavity being basically transparent at pump
and idler, or at pump and signal frequencies, it is not
susceptible to random, multiaxial mode clustering as is the
DRO cavity.

Thus, the SRO cavity exhibits shot to shot
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repeatability, being stable on a single mode(s), and is
capable of utilizing full multimode power.

Also, since

simultaneous resonance of both idler and signal waves is not
present, the nonresonant wave is free to optimumly satisfy
the relation w3 =w2 + w1 .

Thus, tuning is more continuous than

in DRO tuning.
In conclusion, considering tunability and
repeatability, both the DSRO and SRO cavities are comparable
and are both superior to the DRO cavity.

However, both the

DRO and DSRO cavities yield substantially lower oscillation
thresholds than does the SRO cavity.
Linewidth Control
Certain applications of optical parametric oscillation
may require superior narrow band operation, such as
photochemistry, spectroscopy, optical pumping and
semiconductor studies.

Although detailed OPO spectral

output varies with pump mode structure and the cavity mode
spacings within the gain lineshape, the bandwidth of
spectral output is determined by crystal length and
dispersion, approximated away from degeneracy as

(73)
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As stated earlier, the birefringence of barium borate
is relatively large.

And, although bandwidth is somewhat

inversely proportional to birefringence, BBO's bandwidth may
still be unacceptably large for stringent, single frequency
applications.

For example, with a 3 cm crystal, the gain

bandwidth can vary over the tuning range from under 10 cm to
well over 100 cm

-1

at degeneracy.

may occupy the gain bandwidth.

Thus, a number of modes

Since the bandwidth of the

gain lineshape is a function of dispersion, pumping with a
single axial mode source is not, by itself, sufficient· to
produce single mode parametric oscillation (Nolting, et al.,
1 9 88).

Hence, this section will briefly review various line

narrowi n g techniques that have been used in optical
parametric oscillation to achieve higher spectral purity.
Signal spectral broadening and increased threshold in
DRO configurations due to multi-axial mode pumping can be
greatly reduced by employing a mode-matched parametric
resonator

(Byer, et al., 1979).

By setting the cavity mode

spacings of the bound idler equal to that of the laser pump,
a single axial mode signal can be produced.

Although

adjacent, neighboring mode spacings vary slightly due to
dispersion, mode alignment can still occur over a limited
band by adjusting the optical cavity length.

This can be

done by adjusting the physical cavity length or by varying
the crystal's index of refraction via thermal or electro
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optic techniques.

Idler modes are then able to produce

parametric gain centered strongly around a single mode (see
Figure 16).

Thus, full multimode pump power is useful in

the parametric process. However, since we must have idler
spectral components corresponding to pump axial modes, the
optical cavity length

Figure 16.

Multimode Pumping. Pump and idler comb
spacings, c/2d
and c/2d ., respectively, are
01
equal.
op

must be adjusted for every tuning.

Also, if a mode locked

laser is used as the pumping source, then a mode locked,
synchronously pumped parametric oscillator can be formed,
where the signal round trip cavity transit time matches the
separation of successive pumping pulses.

Again, since the

pulses must now coincide temporally, as well as spatially
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within the crystal, the optical cavity length must again be
readjusted for different tunings, since a different tuning
introduces transient time mismatch (Bromley, Guy and Hanna,
1988; Weisman and Rice, 1976).
In contrast, with a SRO cavity, a modal frequency comb
will collapse to a single mode via saturation during build
up for steady state oscillation for pumping powers less than
approximately five times that of threshold (Kreuzer, 1969).
If, however, the pump intensity is sufficiently above
threshold, as in pulsed pumping, multi axial modes may
exist, resulting in an inhomogenously depleted lineshape and
a wider spectral output.

By placing a primary linewidth

control element within the SRO cavity and using a resonant
reflector for output coupling, narrow, single mode
oscillation can be obtained.

An example of this type of

configuration is shown in Figure 17.

~
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Primary linewidth control in Figure 17 is implemented via a
Littrow grating proceeded by a beam expander to enhance
resolution.

Thus, unwanted frequencies undergo angular

dispersion.

Note that grating resonance must be centered on

the peak of the crystal bandwidth.

Single mode oscillation

is forced by an interferometric, resonant reflector-coupler
whose longitudal reflecting resonances are separated by a
frequency interval larger than the oscillation bandwidth of
the parametric oscillator.
Intracavity etalons have also been used in linewidth
control, where the free spectral range of the etalon is
greater than the oscillation bandwidth.

If the parametric

gain bandwidth is sufficiently wide, the wavelength of
oscillation may be chosen via tuning the etalon.

However,

the internal etalon must be tilted off axis to avoid
creating a sensitive, multiple mirror cavity.

This

misalignment incurs a loss that is somewhat proportional to
finesse and inversely proportional to spot size (Kreuzer,
1969).

It should be noted that both interferometric line
selectors and gratings must be tuned for operations at
different frequencies.
Also, if broadband pumping sources are used, such as
dye and Nd:glass lasers, then preliminary pump conditioning
via a mode selector internal to the laser, or pump linewidth
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compression by an external etalon, may need to be employed
before the pump is parametrically used.

This can help to

achieve narrower spectral output, particularly when pumping
at levels far above threshold, since parametric gain
lineshapes can saturate inhomogeneously, which could result
in disproportionately higher gain for interactions occurring
with weaker pump modes (Hon, 1979; Murray and Falk, 1969).
Also, with multi mode pumping, effective interaction time
can be substantially less than the pump pulse width.

The

duration of any one frequency component in a multi
longitudal mode pump can be substantially less than the
overall temporal pulse width envelope.
time is limited via frequency shifting.

Thus, interaction
The magnitude of a

frequency shift required to interrupt traveling wave mixing
would have to be equal to the separation widths of the
cavity resonanc es (Smith, et al., 1968).
Lastl y , beam divergence can significantly increase
signal/idler bandwidth.

Since there is a continuum of

div erging r a y components within the pump beam's cone angle,
varied, off-centered tunings will be associated with each
angle of incidence, thus producing an increase in bandwidth
that is directly proportional to the beam's cone angle.
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Review and Applications
The efficiency of far field focusing to yield a
confocal pump waist within the crystal was studied.

BBO's

large pump Poynting vector walk off can seriously detract
from this efficiency.

Hence, a compromise between

practicality and optimum focusing must be made.

It is also

possible to optimuml y couple laser output into the
parametric cavity, thus reducing threshold.
Cavity and linewidth narrowing configurations were
reviewed.

Since parametric amplification cannot increase

the coherence length of the laser pump, parametrically
generated radiation must then have broader spectral content.
Thus, for the type I/532 nm pump process, which is efficient
in generating 1.54 micron _radiation, a gain bandwidth curve
was introduced.

For a 2 cm BBO crystal, the type I

-1
parametric amplification bandwidth is approximately 25 cm

for the 1.54 wm signal.

If the oscillator is pumped

sufficiently high, this entire bandwidth may lie above
threshold.

Thus, with 0.05 cm-l mode separations for a

10 cm resonator, numerous longiLudal modes have the
potential of being supported.

Moreover, if the oscillator

is a DRO, the modes supported will appear somewhat random
and may even occur off gain-center.

Thus, usually the SRO

oscillator is preferred due to its stability and its more
continuous tunability.

Although the utility of 1.54 µm does
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not necessitate single mode oscillation, many photochemistry
and spectroscopy applications of OPO do.

CONCLUSION
The advantages and disadvantages of BBO's utility as a
gain medium in parametric oscillation were discussed, with
special attention given to generating 1.54 micron radiation.
BBQ is extremely resistant to mechanical and thermal
fracture, along with possessing a high, power density damage
threshold.

Because of BBO's low thermo-optic coefficients,

BBO is relatively immune _to traditional thermal detuning.
Due to BBO's large birefringence and wide transparency
range, parametric oscillation, tunable from the near
infrared to the ultraviolet, is possible using type I, II,
or III phase matching processes.

Since BBQ possesses a

sufficiently large birefringence as to allow type III phase
matching, type III parametric tuning curves were presented.
However, despite BBO's large nonlinear susceptibility, BBO's
induced extraordinary wave walk off effectively dampens
frequency conversion to average efficiencies.

Furthermore,

BBO is rather sensitive to beam quality, possessing very
small angular acceptance widths.
The generation of a 1.54 µm signal through type I
mixing in BBO has numerous advantages over both type II and
III wave mixing.

The effective type I nonlinear coefficient

is proportional to cos 9, opposed to cos
and III processes.

2

9 for both type II

Furthermore, the type I phase matching
82
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angle for 1.54 micron generation is already substantially
less than either type II or III phase matching angles,
making type I, second-order susceptibility 20 and 55 percent
larger than type II and III susceptibility, respectively.
Also, since BBO induces large Poynting vector walk off
angles, type I mixing inherently has potential for still
greater coupling than in either type II or III mixing, since
only one extraordinary wave exists in type I phase matching.
Furthermore, pump Poynting vector walk off for 1.54 µm
generation is minimum in type I mixing, particularly for the
532 nm pump.

Also, in the 1.54 micron region, type I

efficiency is less sensitive to signal spectral variance
than either type II or III processes, possessing the widest
spectral acceptance width of the three mixing processes.
Spatially, however, significantly larger variations in the
signal wave vector direction can be tolerated in type II
coupling as opposed to the type I and III processes.
Also, with the second harmonic of a Nd:YAG source being
the most efficient to both use and generate, tuning rate and
parametric amplification bandwidth curves were introduced
for the type I/532 nm pump process.

Since the 1.54 µm

signal is quite removed from degeneracy (1.06 µm), tuning is
1
moderately sensitive, approximately 90 cm- /mrad.

At 1.54

µm, parametric amplification bandwidth is over 20 cm-l which
is substantially wider than the 3 cm-l linewidth transition
around 1.064 µmin Nd:YAG.

84

Parametric oscillation with BBO as a generating source
fo r 1.54 micron radiation has many advantages over Raman
scattering.

The parametric oscillator is easier to work

with, being a solid state device.

In contrast, gas in a

Raman cell, such as methane for generating 1.54 micron
radiation, if not circulated or cooled, may breakdown if the
pumping rate is too low.

Furthermore, the gas may induce

corrosion in the circulating system.

Also, arcing effects

in a Raman cell may damage the optical windows, thus
limiting pump focusing.

Isolating the signal from the· laser

resonator , which is usuaily required in Raman scattering, is
not a problem in parametric oscillation.

Moreover, methane

gas pressure can vary drastically with temperature, yielding
an efficiency that is not temperature-stable in changing
environments.
The advantages of using BBO in parametric oscillation,
as opposed to using other nonlinear crystals, particularly
for 1.54 wm generation, may not be as evident as with Raman
scattering.

BBO exhibits extreme temperature stability and

produces average conversion efficiencies when compared to
more traditional crystals.

Furthermore, BBO is very

durable, possessing high damage thresholds and also being
extremely resistant to thermal fracture.
crystals such as LiNbO

3

And, although some

possess transmission bands that will
.

allow the ease and efficiency of direct pumping with
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1064 nm, their temperature stability is far from acceptable
in changing env ironments.
Furthermore, although Er:glass as a lasing medium has a
transition at 1.54 wm, parametric oscillation still gives
the added option of tunability.

Thus, if the added option

of tunability is not of concern, then lasing Er:glass is
most efficient in 1.54 wm generation.
In closing, BBO in type I parametric oscillation, using
a 532 nm pump obtained via second harmonic generation with
BBO, is proposed for generating 1.54 micron radiation in
environments where extreme temperature stability is needed
and where the added option of tunability can be of value.

APPENDICES

APPENDIX I
BBO APPLICATIONS

BBO APPLICATIONS
Applications of BBO are determined by its phase
matching angle (P.MA).

For a given PMA cut, many nonlinear

functions can be achieved by tuning ±5 degrees around the
PMA.

BBO applications with corresponding phase matching

angles are now reprinted (J.T. Lin, 1986):
(1)

PMA = 30 degrees may be used as follows:
THG of
1064 nm, 5HG of 780 nm (diode or dye laser
output), OPO (pumped by 355 nm), with output of
400 - 710 and 710 - 3500 run by angle tuning of 5
degrees.

( 2)

PMA = 40 degrees, mixing of 1064 run and 355 run
(output at 266 run), doubling of dye laser
(550 - 670 nm) with angle tuning about 5 degrees.

( 3)

PMA = 47 degrees, SHG of 532 nm or fourth harmonic
of 1064 nm, doubling of dye laser (500 - 590 nm).

( 4)

PMA = 51 degrees, mixing of 1064 and 266 nm (i.e.,
5HG of 1064 nm), doubling of Ar-Laser (488, 514
nm), and copper-vapor laser (578, 511 nm),
doubling of dye laser (480 - 550 nm).

( 5)

PMA = 70 degrees, mixing of 532 and dye laser
(323 - 348 nm) with the output of 201 - 215 nm,
doubling of dye laser (410 - 430 run).
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APPENDIX II
SPECTRAL ACCEPTANCE WIDTH CODE

80

F'FU NT

PUMP IS EXTR?-)DFm I N?mY. El\lTER ~ 1 ~ IF W?WE OF INTEREST
OR ENTE~~ ~ 2~ IF WAVE IS EXTRAORDINARY.
GET A$
IF A$:::: "1" THEN GOTO 105
IF A$ = 2
THEN GOTO :HO
GOTO 80
PFn NT II EVEF,YTH 1I\IG 1 s cm A M1 cR □ N BAS 1 s. "
INPUT "ENTEH L2 ~~ THETA 11 ; L2, DG
RA= DG * 3.14159 / 180
REM FIND PRINCIPLE & THETA DEPENDENT DATA
L = L2:FLAG = 2
GOSUB 2000
L = L3:FLAG = 3
GOSUB 2000
21 = (( - U2 / L2) + (D3 * L3 / (L2 A 2)) + (02 / (L2 A 2))
<L2 ···, 2) ) ) * 2
22 = ( - V2 / L2) - (F3 * (L3 A 3} / (L2 A 4)) - (2 * D3 *
3)) + (2 * U2 / (L2 A 2)) - (2 * 02 / (L2 A 3)) + (2 * N3
II

1:~y,

B5
t0

1

95

t 05
120
130
140
170
180

190
200
210
220

11

11

IS ORD I NA

:

11

-

(N3 /

L3 / (L2 A
/ (L2 A 3

) )

230 J1 = ( - 21 + SQR ((21 A 2) + (4 * 22 / CL))) / (2 * 22)
2 4 0 J 2 = ( - Z1 SQ R ( ( Z 1 ····· '.2 > + ( 4 ·K- Z2 / CL ) ) ) / ( 2 * Z2 )
250 PFU NT II ALLOWED SPECTF<{~L W~RfU ANCE IS
JI , J 2
260 GOTO 120: REM
INFINTE LOOP
~HO
INPUT II El\fTEf:;: L3, CL II; L.~5, CL
::i:"20
I NF'UT II ENTEH L.2 ~ 0(3 11 ; L'..'2 ~ D!3
530 RA= DG * 3.14159 / 180
DEPENDENT DATA
540 REM
FIND PRINCIPLE & THETA
570 L = L2:FLAG = 2
580 GOSUB 4000
590 L = L3:FLAG = 3
600 GOSUB 4000
610 21 = (( - D2 / L2) + (D3 * L3 / (L2 A 2)) + (N2 / (L2 A 2)) - (N3 /
(L2
2))) * 2
620 22 = ( - F2 / L2) - (F3 * (L3 A 3) / (L2 A 4)) - (2 * D3 * L3 / (L2 A
3)) + (2 * D2 / (L2 A 2)) - (2 * N2 / (L2 A 3)) + (2 * N3 / (L2 A 3
11

;

A

) )
I...O

0

630 J1 = ( - 21 + SQR ((21
2) + (4 * 22 / CL))) / (2 * 22)
640 J2 = ( - 21 SQR ((Z1
2) + (4 * 22 / CL))) / (2 * 22)
650 PR I NT "ALLOWED SPECTnAL VARR r ANCE 1 s "; J 1 ~ J :.~
660 GOTO 520: REM
INFINITE LOOP
2000 REM FIND 0#,E#
2005 AO= 2.7359:B □ = .01878:CO = .01822:DO = .01354
2010 AE = 2.3753:BE = .01224:CE = .01667:DE = .01516
2020 NO= SQR (AO+ (BO/ ((L A 2) - CO)) - (DO* (L A 2)))
2030 NE= SQR (AE + (BE/ ((LA 2) - CE)) - (DE* (LA 2)))
2040 IF FLAG= 1 THEN GOTO 2070
2050 IF FLAG= 2 THEN GOTO 2080
2060 03 = NO:E3 = NE: GOTO 2090
2070 01 = NO:E1 = NE: GOTO 2090
2080 02 = NO:E2 = NE
2090 REM FIND U#,X#
2100 MO= ( - 1 / (2 * NO)) * (((2 *BO* L) / (((LA 2) - CO) A 2)) +
A

A

2

*
*

2110 ME=
2

2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2-220

2230
2240

DO

*

< -

DE

L>

>

1 /

(2

*

NE))

*

(((2 *BE* L)

/

(((L A 2)

- CE) A 2)) +

<

U >
IF FLAG= 1 THEN
·M·

GOTO 2150
IF FLAG= 2 THEN GOTO 2160
U3 = MO:X3 = ME: GOTO 2170
Ul = MO:Xl = ME: GOTO 2170
U2 = MO:X2 = ME
REM FIND V#,Y#
PO= ((4 *BO* (LA 2) / (((LA 2) - CO)
BO / ( < ( L ···, 2) -· CO> ···•. 2 > ) ) / NO
F'E = ((4 *BE* (LA 2) / (((LA 2) - CE)
BE/ (((LA 2) - CE) A 2))) / NE
IF FLAG= 1 THEN GOTO 2240
IF FLAG= 2 THEN GOTO 2230
V3 = PO: Y~3 = PE: GOTO 2250
V2 = PO:Y2 = PO: GOTO 2250
Vl = PO:Y1 = PE

A

3)) -

(MO A 2) - DO -

(

A

3)) -

(ME

(

A

2) - DE -

\.0
~

2250 REM THETA DEPENDENT FUNCTIONS ...
2260 REM FIND N#
2270 N = 1 /
SQR ((( SIN (RA) / NE) A 2) + (( cos (RA) / NO) A 2))
2280 IF FLAG= 1 THEN N1 = N: GOTO 2310
2290 IF FLAG= 2 THEN N2 = N: GOTO 2310
2300
IF FLAG= 3 THEN N3 = N
2310 REM FIND D#
2320 D = ( - (NA 3) / 2) * (( - 2 * (( SIN (RA)) A 2) *ME/ (NE A 3)) +
< - 2 * (( cos (RA)) A 2) *MO/ (NO A 3)))
2330 IF FLAG= 1 THEN D1 = D: GOTO 2360
2340 IF FLAG= 2 THEN 02 = D: GOTO 2360
2350 IF FLAG= 3 THEN D3 = D
2360 REM FIND F#
2370 F = (NA 3) * ((( cos (RA)) A 2) * ((PO/ (NO A 3)) - (3 * (NO A 2)
/ (NO A 4))) + (( SIN ~RA)) A 2) * ((PE/ (NE A 3)) - (3 * (ME A 2
) / ( NE ····· 4 > ) ) >
2400 . IF FLAG= 1 THEN Fl= F: RETURN
2410 IF FLAG= 2 THEN F2 = F: RETURN
2420 IF FLAG::::: 3 THEN F3 = F: RETURN
4000 REM
FIND 0#,E#
4005 AO= 2.7359:BO = .01878:CO = .01822:DO = .01354
4010 AE = 2.3753:BE = .01224:CE = .01667:DE = .01516
4020 NO= SQR (AO+ (BO/ ((LA 2) - CO)) - (DO* (LA 2)))
4030 NE= SQR (AE + (BE/ ((LA 2) - CE)) - (DE* (LA 2)))
4040 IF FLAG= 1 THEN GOTO 4070
4050 IF FLAG= 2 THEN GOTO 4080
4060 03 = NO:E3 = NE: GOTO 4090
4070 01 = NO:E1 = NE: GOTO 4090
4080 02 = NO:E2::::: NE
4090 REM
FIND U#,X#
4100 MO= ( - 1 / (2 * NO)) * (((2 *BO* L) / (((LA 2) - CO)
2)) + (
2 * DO ·M· U >
4 :L 1 0 ME = ( - 1 /
2 -ti1· DE ·ti1- U )

A

(2

-M·

1\1 E ) )

·M·

( ( (

2

*

BE

·M-

U

/

( < ( L ····· 2 )

-

CE )

···•. 2 ) ) +

<
'-0

N

4120 IF FLAG = 1 THEI\I GOTO 415 0
4130 IF FLAG= 2 THEN GOTO 4160
4140 U3 = MO:X3 = ME: GOTO 4170
4150 U1 = MO:X1 = ME: GOTO 4170
4160 U2 = MO:X2 = ME
4170 REM
FIND V#,Y#
4 1 8 0 PO = ( ( 4 * BO * (L ,•.. 2 ) / < < <L ····· 2 >
BO/ (((L A 2) - CO)
2))) / NO
4 1 9 0 PE =

BE/

4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320

4~5 ~~:o
4340
4350
4360
4370
4400
4410
4420

( <4

*

BE
(((LA 2)

* (L

-

CO >

-

CE ) ···, 3 ) )

,·..

3>>

( MO ···· 2 ) - D0

A

····· 2 )

- CE)

A

/

<( (L

2)))

····· 2 )

/ NE

(ME

A

2) - DE -

(

IF FLAG= 1 THEN GOTO 4240
IF FLAG= 2 THEN GOTO 4230
V3 = PO:Y3 = PE: GOTO 4250
V2 = PO:Y2 = PO: GOTO 4250
V1 = PO:Yl = PE
REM
THETA DEPENDENT FUNCTIONS ...
REM
FIND N#
N = 1 /
SQR ((( SIN (RA) / NE) A 2) + (( cos (RA) / NO) A 2))
IF FLAG= 1 THEN N1 = N: GOTO 4310
IF FLAG= 2 THEN N2 = N: GOTO 4310
IF FLAG= 3 THEN N3 = N
REM
FIND D#
D = < - <NA 3) / 2) * (( - 2 * (( SIN (RA)) A 2) *ME/ (NE A 3)) +
< - 2 * (( cos (RA)) A 2) *MO/ (NO A 3)))
IF FLAG = 1 THEN D 1 = D: GOTO 4360
IF FLAG= 2 THEN 02 = D: GOTO 4360
IF FLAG= 3 THEN 03 = D
REM
FIND F#
F = (NA 3) * ((( cos (RA)) A 2) * ((PO/ (NO A 3)) - (3 * (NO A 2)
/ ( NCl ····· 4 ) > > + ( ( t>l 1\1 <RA > > ····· 2 ) * ( <PE / <NE ····· :3 ) ) - ( 3 * <ME · · · 2
) / ( NE ····· 4) ) > )
IF FLAG= 1 THEN Fl= F: RETURN
IF FLAG= 2 THEN F2 = F: RETURN
IF FLAG= 3 THEN F3 = F: RETURN
~

w

APPENDIX III
ANGULAR ACCEPTANCE WIDTH CODE

50

60
65
70
75
100
110
120
140
150
160
170
200

PRINT EVERYTHIN(3 IS ON A MICRON BASIS.
PRINT ''PUMP IS EXTRAORDINARY. ENTER '1' IF THE WAVE OF INTEREST IS 0
RDINARY,OR ENTER ~2, IF THE WAVE IS EXTRAORDINARY.": GET A$
IF Alfi =
1 THEN (:)(]TO 100
IF A$ = 11 2 11 THEI\I GOTO 400
GDTO 60
INPUT "ENTER L~~;, CL. 11 ; L3, CL
INPUT "ENTER L2, DG.
L2, DG
RA= DG * 3.14159 / 180
L = L3:FLAG = 3
GOSUB 2000: REM
FIND 03 &
E3
L = L2:FLAG = 2
GOSUB 2000: REM
FIND 02 &
E2
N3 = 1 / ( SQR (((( SIN (RA)) A 2) / E3) + ((( cos (RA)) A 2) / 03))
11

11

11

11

11

;

)

2 0 5 N2 =

1 /

SQ R (

<

<(

< S I 1\1 <RA > )

·.•··. 2 )

/

E 2 ) + < ( < COS <RA )

>

···•.

2 ) / 02 > >

)

206 GOSUB 4000: REM GET D2 & F2 & D3 & F3
207 GG = SQR (02)
208 Z2 = (((GG / L2) * (1 + ((L3 * GG) / <L2 * N3)))) - <F3 / L3)
3 * GG) / (L2 * N3))
2))
209 21 = ( - (03 / L3) * ((L3 * GG) / (L2 * N3))) * 2
210 Al= ( - 21 + SQR ((Zl A 2) + 4 * 22 / CL)) / (2 * 22)
215 A2 = < - 21 SQR ((21 A 2) + 4 * 22 / CL)) / (2 * 22)
11
220 PR I NT L.2;
; 2
-~- {H; 11
2 ·Mo A2
2~~,0 GOTO 110

*

<<<L

A

11

11

;

\..0

Ul

400
410
420
440
450
460
470
500

I NF'UT
INPUT

II
11

ENTER L:3 _CL.. "; L3, CL
ENTER L2~ DG. 11 ; L2, DG

RA= DG * 3.14159 / 180
L = L3:FLAG = 3
GOSUB 5000: REM
FIND 03 & E3
L = L2:FLAG = 2
GOSUB 5000: REM
FIND 02 & E2
N3 = 1 / ( SQ R < ( ( ( S I 1\1 (RA ) > ····· 2 ) / E 3 ) +

( ( ( COS

( RA ) ) ····· 2 ) / 0 3 ) )

)

505 N2 = 1 /

( SQR (((( SIN (RA))

A

2)

/ E2) + (((

cos

(RA))

A

2)

/ 02))

)

506

GOSUB 6000: REM
GET D2 & F2 & D3 & F3
F2 / L2) + <<N2 / L2> * (1 + ((L3

508 Z2 = << F 3 / L'.3; )

*

< ( (L3

*

N2 > /

<L 2

*

N3 > )

..•..

*

N2)

/

(L2

*

N3)))) -

(

2) )

509 Zl = <<D2 I L2) - (D3 / L3) * C(L3 * N2) / (L2 * N3))) * 2
510 Al= ( - 21 + SQR ((Z1 A 2) + 4 * Z2 / CL)) / (2 * 22)
515 A2 = ( - 21 SQR ((Z1 A 2) + 4 * 22 / CL)) / (2 * 22)
11
:i20 PFUNT L2; 11
; ,u, A2
~;:30
GOTO 410
2000 AO= 2.7359~80 = .01878:CO = .01822:DO = .01354
2010 AE = 2.3753:BE = .01224:CE = .01667:DE = .01516
2020 NO= AO+ (BO/ ((LA 2) - CO)) - (DO* (LA 2))
2030 NE= AE + (BE/ ((LA 2) - CE)) - (DE* (LA 2))
2040
IF FLAG= 3 THEN GOTO 2060
2050 02 = N □ :E2 = NE: RETURN
2060 03 = NO:E3 = NE: RETURN
4000 D3 = ( - .5) * (N3 A 3) * SIN (2 * RA) * ((1 / E3) - (1 / 03))
4010 D2 = ( - .5) * (N2 A 3) * SIN (2 * RA) * ((1 / E2) - (1 / 02))
4020 F3 = < - .5) * ((1 / E3) - (1 / 03)) * ((2 * (N3 A 3) * cos (2
A ) ) + ( 3 * (N :3 ····. 2 ) *
~>I N ( 2 * RA > * D:3 ) >
4030 F2 = < - .5) * ((1 / E2) - (1 / 02)) * ((2 * (N2 A 3) * cos (2
A)) + (3 * (N2 A 2) * SIN (2 * RA) * D2))
4040 RETURN

*
*

R
R

\..0
CT'\

5000
5010
5020
5030
5040
5050
5060
6000
6010
6020

AO= 2.7359:BO = .01878:CO = .01822:DO = .01354
AE = 2.3753:BE = .01224:CE = .01667:DE = .01516
NO= AO+ (BO/ ((L A 2) - CO)) - (DO* (L A 2))
NE= AE + (BE/ ((L A 2) - CE)) - (DE* (L A 2))
IF FLAG= 3 THEN GOTO 5060
02 = NO:E2 = NE: RETURN
03 = NO:E3 = NE: RETURN
D3 = ( - .5) * (N3 A 3) * SIN (2 * RA) * ((1 / E3) - (1
D2 = < - .5) * (N2
3) * SIN (2 * RA) * ((1 / E2) - (1
F3 = ( - .5) * ((1 / E3) - (1 / 03)) * ((2 * (N3 A 3) *
A)) + (3 * (N3 A 2) * SIN (2 * RA) * D3))
6030 F2 = ( - .5) * ((1 / E2) - (1 / 02)) * ((2 * (N2 A 3) *
A)) + (3 * (N2
2) * SIN (2 * RA) * D2))
6040 RETURN
A

/ 03))
/ 02))
cos (2 * R

cos (2

*

R

A

\.D

-..J
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